The aim of this study was a recognition of the carbon cycle in a small anthropogenic reservoir located in Wrocław (SW Poland). The research investigated the geochemical processes and isotopic interactions in the water column as well as those between the water column and the sediment. Moreover, an attempt was made to identify the sources of carbon in the studied water body. Observations of temporal and spatial (vertical and horizontal) geochemical trends were the subject of this research. Chemical and isotopic analyses were the main tool used in this study. A total of 49 samples of water, sediment and plants were prepared, with sampling carried out in the period from October 2015 to May 2017. Two periods: autumn and spring were chosen for the study. During the autumn cycle, smaller variations in the values of δ 13 C in DIC were found compared to the spring cycle. The enrichment of dissolved inorganic carbon (DIC) in the heavy isotope during the spring period was caused by the dynamic growth of microorganisms. The process of assimilative reduction of dissolved inorganic carbon by aquatic organisms, which use inorganic carbon in biochemical reactions, occurred in the reservoir. This process led to an enrichment of DIC in the 13 C isotope. The analysis of the sedimentary organic carbon revealed a greater enrichment in the heavy isotope of carbon (by about 3‰) in April compared to May. This is due to the growth of microorganisms responsible for degradation of sedimentary organic matter and plant detritus. The sediment and the water column were shown to interact through the exchange of carbon.
Introduction
Carbon cycling in water bodies is highly dynamic due to the large number of chemical forms in which carbon occurs. In an aquatic environment carbon is found mainly as dissolved organic carbon (DOC), dissolved inorganic carbon (DIC) as well as particulate organic carbon (POC) and particulate inorganic carbon (PIC) (Quay et al. 1986 ). Organic matter supplied to a lake decomposes over a wide time scale, from several hours to more than a dozen months (Quay et al. 1986) . DIC is the main product of photolytic remineralization (Bauer and Bianchi 2011) . The pathways of photochemical transformations of dead organic matter from DOC and POC to DIC are temperature-dependent. At lower temperatures direct mineralization from DOC to DIC is predominant. At higher temperatures, in the order of 25°C, an intermediate form of POC occurs. The latter method of transformation is predominantly observed in the summer months (Porcal et al. 2015) .
In fresh waters the molar concentration of HCO 3 -and CO 3 2-ions is lower by about one order of magnitude than their concentration in salt waters (Blatt et al. 1980) . The ion concentration is determined primarily by temperature and partial pressure of carbon dioxide, while to a slightly lesser extent by cation molar concentrations (Szynkiewicz et al. 2006) . These ions in a solution affect pH value, which in turn is closely related to Eh potential (Gradziński et al. 1986 ). In a pond environment DIC is supplied to the lake from several sources. These include carbon dioxide that diffuses from the atmosphere, rainwater infiltration, biogenic processes, precipitation and dissolution of minerals as well as groundwater circulation (Atekwana and Krishnamurthy 2004) . Organic carbon in a lake accumulates in the sediment and is dispersed in the water. Its presence is based on primary matter production and on the degree of organic matter mineralization. (Meyers and Lallier-Verges 1999) . Analysis of the isotopic ratios of dissolved inorganic carbon is an important tool for studying the direction of migration and the role of an element in a pond environment. The variation in the isotopic composition of carbon in DIC results to a large extent from the variable availability of carbon sources observed in pond ecosystems and has a wide range of values, on average from -30‰ to 0‰, but the range from -25‰ to -10‰ is considered to be the most frequent (Clark and Fritz 1997) .
Changes in DIC isotopic composition are induced by fractionation that accompanies many natural processes. Observations of such changes serve to estimate the rate and extent of carbon migration between organic and inorganic forms. The following biogeochemical processes significantly affect carbon isotopic fractionation (Degens 1969) : (i) transformation of CO 2 (aq) form to the HCO 3 -ion, (ii) photosynthetic carbon assimilation, (iii) production of methane, and (iv) decomposition and mineralization.
For atmospheric carbon dioxide, the average value of δ 13 C is about -8‰. Seasonal and diurnal changes in the isotopic composition of δ 13 C CO2 occur which result from more intensive photosynthesis during the summer months and burning of fossil fuels in winter (Szaran 2000) . The dissolution of atmospheric carbon into free CO 2 in a lake contributes to an isotopic enrichment of CO 2 (aq) at a level of about -1‰. The isotopic composition of DIC and isotopic effects are strongly associated with temperature and pH, and less with seasonality. The greatest isotopic fractionation in a pond environment occurs as a result of dissociation of dissolved carbon dioxide. The difference in the isotopic composition between CO 2 (aq) and the HCO 3 -ion reaches from 8 to 11‰. With increasing water alkalinity the amount of free CO 2 decreases in favour of increased HCO 3 -, that is accompanied by higher carbon isotopic fractionation (Clark and Fritz 1997) . The values of δ 13 C DIC are the most negative during the summer months and the isotopic composition is enriched in the light isotope relatively within the entire volume of a lake. This is associated with high biological activity.
Photosynthesis is accompanied by the most significant fractionation in the carbon isotopic cycle. Primary producers assimilate carbon dioxide and incorporate carbon into organic compounds, thus depleting it in the heavy isotope. Photosynthesis and respiration dominate in the illuminated zone of a lake (Quay et al. 1986 ). C 3 photosynthetic plants, which dominate in water bodies of moderate climate, are characterized by the isotopic composition of carbon ranging from -38‰ to -22‰ (Meyers and Lallier-Verges 1999) .
Study area
The study was conducted on an artificial reservoir, the "Królewiecki Pond", located near Narzędziowa St. in Wrocław (SW Poland) (Fig. 1) . The reservoir area is Fig. 1 . Location of the reservoir in Wroclaw about 3.3 hectares; its maximum length is about 370 meters, while its width is approximately 100 meters. The depth of the reservoir is variable with the maximum above 4 meters measured in its south eastern part, while average depth is estimated at 3 meters. The shallowest part is the northern area and northwestern shore of the reservoir. The differences in depth are associated with the season of the year and the amount of precipitation. The Pond is of anthropogenic origin. It is a post-excavation pond that occupies an artificial depression in the terrain. This reservoir displays some symptoms of a eutrophic water body as blooms of cyanobacteria. The pond shores are mainly overgrown by the zone of riparian vegetation. A sandy beach is located on the northern bank of the pond. This reservoir is partly fed by groundwater. No watercourse feeds into this endorheic pond.
Methods
The study included field and laboratory investigations. The scope of field investigations included sampling carried out in five selected periods from October 2015 to May 2017. Carbon isotopic composition was analyzed in samples of pond water and sediment samples as well as parts of selected plants growing in the littoral zone of the reservoir. The samples were analyzed for their isotopic composition. Sampling was done five times; four samplings were performed during the autumn-spring period.
Water samples were taken from the surface at five points ( Fig. 1 ) of the reservoir, differentiated according to the depth and the distance from the shore. Additionally, in April and May 2017, water from the sediment was collected. The maximum measured depth of the pond during sampling was 4.1 m. From the shore of the reservoir samples of three plant species were taken: leaves of black alder (Alnus glutinosa), aboveground parts of common reed (Phragmites australis) as well as leaves and inflorescences of goat willow (Salix caprea). The water samples were collected in 20 ml glass vials, which were tightly capped to prevent access of air. A special pump was used for deep-water sampling. Each sample for analysis was taken twice. The sediment was collected into plastic containers using a Birge-Ekman grab sampler. In the laboratory the sediment was immediately frozen while water samples were cooled to stop the progress of biological processes.
Isotopic analysis was done manually; it started from preparation techniques designed to convert a solid or liquid sample into pure CO 2 gas and then measurements of the isotopic ratios on a mass spectrometer was done. The analysis of dissolved inorganic carbon (DIC) in the water was performed using a glass sample preparation line with vacuum in the order of 10 -2 -10 -3
Torr. This analysis involved the maximum reduction of the pH of the solution and separation of carbon dioxide in gaseous form from the sample (Games and Hayes 1976) . The analysis of organic carbon involved extraction of carbon dioxide from the organic sediment and plant samples using copper oxide as an oxidizing agent (Żuk 1980) . Measurements of the carbon isotopic composition in the samples were performed on a Delta V IRMS spectrometer. NBS-22, USGS-24, USGS-40 and COFFEINE were the isotope standards used. The measurements were subsequently standardized relative to the V-PDB standard. The maximum measuring error was 0.3‰.
Results
The total of 51 water, sediment and plant samples were taken. Tables 1 and 2 present the results of the analysis of water from five sampling campaigns, including the variable sampling depth. Tables 3 and 4 show the δ 13 C analysis results for two samplings of pond sediments and selected plants from the immediate vicinity of the pond. 
Discussion
The variation in the carbon isotopic composition in the water samples in the autumn is shown in Figure 2 . In the case of both autumn sampling campaigns, a tendency to enrich the dissolved carbon in the heavy isotope was noted in the water samples from the northern part of the reservoir (sites 1 and 2). The water samples from the deeper southern part are isotopically lighter (δ 13 C = -2‰). The assimilation of dissolved inorganic carbon by aquatic organisms causes an enrichment of the water DIC isotopic composition in the 13 C isotope. The lighter isotope is preferentially incorporated into the biomass of the organisms, resulting in an enrichment of the remaining residue in isotopically heavy carbon. The slowering of biological processes due to decreasing air and water temperature in the autumn results in a decrease in the requirement of aquatic organisms for DIC from water. The greatest enrichment in the light isotope was observed at the site 5.
During the spring (Fig. 3) greater differences in the isotopic composition of carbon in DIC in the water were observed when compared to the autumn results. The average δ 13 C isotopic composition of DIC populations from the three spring sampling periods reached a value of -1.9‰; which is lighter by 0.7‰ in relation to the average isotopic composition from the autumn sampling. Similarly to the samples from October 2015 and 2016, the isotopic composition was found to be enriched in the light isotope with a growing distance from the shore and growing depth of the reservoir. The observed variation in enrichment in the 13 C isotope may be caused by the dynamic development of phytoplankton in water and sediments at this time of the year. This is particularly evident in the samples from the locations in the northern part of the reservoir, characterized by a smaller depth. Phytoplankton, developing with the increasing insolation and temperature, and preferentially assimilate the 12 C isotope, thus enriching the carbon of water DIC in the heavier isotope.
Water samples from just above the sediment were taken in April and May 2017 (Fig. 4 and Fig. 5 ). In the April sampling campaign, the carbon isotopic composition shows high variations in the carbon isotopic composition (δ 13 C from -1.7 to +4.4‰). Sampling point 2, where a clear enrichment in the heavy isotope of carbon was found in relation to other sites, is particularly characteristic (δ 13 C = +4.4‰). This enrichment may indicate greater carbon assimilation due to the local migration of photosynthesizing organisms as an effect of high insolation. Likewise, the May sampling was characterized by large variations in isotopic composition (δ 13 C from -7.5 to +5.7‰), with a tendency to deplete DIC in the heavy isotope according to an increasing depth. This is due to biological activation during this part of the year and the interaction between the bottom sediment with a light carbon isotopic composition and the water column.
The carbon isotopic composition in the sedimentary organic matter was measured during the spring (April, May) (Fig. 6) . It was shown that in the April sampling campaign the carbon isotopic composition of the organic matter in the sediment was enriched in the heavy isotope when compared to the organic matter sampled during May (except site 3). This may be a result of an increase in the activity of microorganisms driven by higher water temperature, which leads to more intensive degradation of organic matter and plant detritus that settles to the bottom of the reservoir. The isotopic composition of the sedimentary organic matter is similar to the δ 13 C of the plants sampled from the shore of this particular water body. Moreover, a relationship between the sediment sampling sites and carbon isotopic composition was observed. Similarly to the case of water DIC sampled from just above the sediment, the isotopic composition of the sedimentary organic matter is enriched in isotopically light carbon too, so in the case of sediment towards greater depths (the northern part of the reservoir). This is evidence of interaction between water and sediment. Dissolved carbon, coming from decomposition of organic matter from sediment, is released to the water column and largely affects the isotopic composition of water DIC.
The results of analysis of the carbon isotopic ratio in plant tissues showed high enrichment in the light carbon isotope, characteristic for C 3 photosynthetic plants. Salix caprea and Alnus glutinsa are marked by greater enrichment in the light carbon isotope in April, while it is lower in May. An opposite relationship was observed in Phragmites australis. This is probably associated with the physiology of this species and CO 2 assimilation through its underwater and surface parts.
Conclusions
Despite its small size, the presented results of the investigations of the isotopic composition of organic and inorganic carbon reveal clear differences in both, δ 13 (DIC) and δ
13
(sedimentary organic matter) in the different parts of the reservoir. This provides a general picture of the complex biogeochemical processes taking place in reservoirs and therefore should be taken into account in developing sampling methodologies to be used in larger water bodies.
